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Styrene (ST), a large commodity chemical, is produced commercially by the 
dehydrogenation of ethylbenzene (EB) in the presence of steam. The catalyst used in the 
dehydrogenation process is potassium promoted iron oxide with additional metal oxide 
promoters. For this catalyst system the role of the potassium promoter is thought to be 
catalytic gasification of surface carbon, structural promotion and decreased acidity of the 
bulk iron oxide. At the catalyst surface, the K promoter interacts with the Fe20 3 to form 
KFe02, the active phase, while the bulk of the catalyst is Fe30 4. The catalyst is deactivated as 
the mole of steam per mole of HC is lowered. The deactivation has been associated with 
catalyst coking. However, the increasingly reductive environment at low steam/RC ratio may 
cause reduction of the active sites. 
The goal of the overall project 1s to decouple the coking and the reduction 
mechanism. The current project focused on characterizing the reductive properties of the iron 
oxide catalyst materials in the presence of commercial ST catalyst promoters K, Cr and V. 
The Fe203 catalyst system was subjected at low PH2 under TGA conditions in the absence of 
the HC and steam and then characterized with XRD and SEM. Onset temperatures where 
Fe203 formed Fe304 were obtained. Also, KFe02 was first synthesized, promoted with Cr or 
V and reduced. The effect of the promoter and apparent activation energy was determined. 
The onset temperature of unpromoted Fe20 3 was at about 570°C with average apparent 
activation energy of 18 kcaVmol. For single promoted Fe20 3, Cr did not impact, but V and K 
stabilized reductive properties. However, addition of Cr or V on K-promoted Fe20 3 
decreased the reduction stability. The KFe02 was more resistant to reduction conditions and 
vi 
had onset at 770°C and average apparent activation energy of 47 kcal/mol. From the current 
project, single promotion with K enhanced reduction properties and subsequent Cr or V 
addition is deleterious. Therefore, as a single promoter V is more effective in decreasing 




Styrene (ST), a large volume commodity chemical, is produced commercially by the 
dehydrogenation of ethlybenzene (EB), which is manufactured from the alkylation of benzene 
with ethylene. The EB to ST reaction is reversible and is typically operated and controlled at 
640 °C in the presence of excess steam at 8-10 moles of steam/mole of EB [1,2] to favor the 
forward reaction. Since the reaction is endothermic, steam also provides the heat of reaction 
[1,3,4]. Byproducts formed in the reaction include toluene and benzene. 
This process can be run in the presence of cobalt, copper, iron oxide, zinc oxide, 
nickel, aluminum oxide and chromium oxide catalysts to improve the reaction rates and 
selectivity [3,4,5]. Current dehydrogenation processes use iron oxide catalysts promoted with 
alkaline earth or alkali promoters [ 5]. The kinetics of the reaction is of the Langmuir 
Hinshelwood type with unimolecular adsorption-desorption of EB and ST [6,7]. Typical 
commercial conversions are 65-70%, so that the product stream consists of EB, ST, toluene, 
and benzene, which are subsequently distilled [ 1,5]. 
The most common catalyst used in the dehydrogenation process is potassium 
promoted iron oxide (K-Fe203) with additional metal oxide promoters. The catalyst is 
typically prepared by mixing iron oxide (Fe20 3) with the desired promoters, followed by 
calcination at 800-1000°C to form a composite material of 10-25 wt% potassium oxide 
(K20), 5-15wt% metal oxide including one or more of calcium, cerium, chromium, 
vanadium, cobalt, magnesium, molybdenum, titanium, and / or tungsten oxide, and 60-
2 
85wt% Fe203 [6-12]. The roles of the potassium promoter are thought to be catalytic 
gasification of surface carbon [6-15], structural promotion, and decreased acidity of the bulk 
iron oxide [ 13-14]. The other metal oxide promoters have been claimed to impact positively 
activity and /or selectivity. 
There are several types of deactivation mechanisms . discussed in the literature 
including; catalyst sintering, catalyst poisoning with CO2, coking, reduction, and migration of 
the K from the catalyst [ 10-19]. Of particular interest is the short-term deactivation observed 
when this catalyst is operated at decreasing steam to hydrocarbon (S/HC) ratios; this 
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Figure 1. EB steady state conversion at reaction conditions 
The data in the figure, which was provided by Shell Chemical Company, 
demonstrates the steady state conversion of EB under adiabatic operating conditions using a 
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standard commercial dehydrogenation catalyst. The pilot plant data replicates the behavior in 
commercial adiabatic EB dehydrogenation reactors. As can be seen in the figure, decreasing 
the S/HC ratio from 12 to 8 molar caused a linear decrease in activity. This decrease in 
activity can be merely explained by kinetic effects in the EB to ST reaction due to increased 
hydrocarbon partial pressures. However, an inflection point occurs in the activity curve at 
S/HC ratio of about 7.5 molar. This inflection point is followed by an accelerated 
deactivation, which cannot be simply explained by the dehydrogenation reaction kinetics. 
It is economically desirable to operate the EB dehydrogenation reactors at as low of 
S/HC ratio as possible. However, the low conversion ensuing below the inflection point as 
shown in Figure 1 places a lower limit on the S/HC ratio. Developing catalysts with greater 
tolerance to decreasing S/HC ratio has significant economic incentive. Understanding the 
mechanism of the deactivation can help to guide catalyst development efforts. 
To characterize the deactivation at low S/HC ratio it is necessary to understand the 
role of steam in its interaction with the catalyst under reaction conditions. Steam is a required 
reactant for gasification of the surface carbon via the water gas shift reaction. In addition, 
steam prevents reduction of the iron oxide beyond magnetite (Fe304) under reaction 
conditions. However, several studies suggest that once the catalyst has been deactivated, 
steam does not re-oxidize the catalyst from the Fe2+ to the Fe3+ state [6-9,17]. 
Furthermore, it has been claimed that the K promoter interacts with the Fe203 to form 
potassium ferrite (KFe02), the active phase at the catalyst surface, but the bulk of the catalyst 
remains in the magnetite phase (Fe304) [6,8,9-11]. At high S/HC ratio, steam continues to 
maintain the exterior surface of the iron oxide catalyst at its Fe3+ oxidation state. However, at 
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low S/HC ratio the increasingly reductive environment may be causing loss of K.Fe02 active 
sites. Consequently, steam may be responsible for keeping the catalyst active at its Fe3+ 
oxidation state. 
Catalyst deactivation observed at low S/HC ratio has been associated with both 
formation of coke on the catalyst surface and catalyst reduction [ 6, 1 O]. Coke formation 
blocks active site for dehydrogenation of EB to ST. The reduction deactivation mechanism 
changes the oxidation state of the active phase from the Fe3+ to Fe2+. During dehydrogenation 
reaction conditions, it is difficult to distinguish which of the two mechanisms control 
deactivation. The difficulty to differentiate the controlling mechanism has left this research 
area incomplete. To enable development of dehydrogenation catalysts that are active at low 
S/HC ratio it is important to understand which mechanism control deactivation by designing 
experimental conditions that will mimic each mechanism independently. 
1.2. Project objectives 
The overall objective for the project is to decouple the deactivation mechanisms for 
the potassium promoted iron oxide catalyst (K-Fe20 3). Understanding the contribution of 
each mechanism will assist in developing the deactivation model and direct catalyst 
development for EB to ST dehydrogenation reactions. The improved dehydrogenation 
catalyst can also enhance stability and selectivity properties. These catalyst performance 
properties can have opposing effects. Therefore, catalyst system in which either stability or 
selectivity performance dominates, can then be placed in different reactors. For instance, the 
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application of this catalyst system will be useful in commercial EB dehydrogenation reaction 
in which EB dehydrogenation is carried out using two adiabatic reactors. 
To initiate catalyst development, the current research project will mainly focus on 
characterization of the K-Fe20 3 under H2 reducing conditions. The approach will be to 
subject the catalyst system to low hydrogen partial pressure (Ptt2) with no hydrocarbon (HC) 
or EB and steam present. The absence of the HC and steam will ensure that reduction of K-
Fe203 does not compete with coke formation and iron oxide oxidation with steam. 
1.3. Literature review on short-term deactivation mechanisms 
In an attempt to understand what is happening at the catalyst surface most researchers 
have come up with various kinetic and reaction models [6,8,9,10-12]. The current model 
accepts KFe02 as the active phase and mentions that it is supported at the bulk of the catalyst, 
by a solid solution of potassium polyferrite (K2Fe22034) within Fe304 [6,8,9]. Also, the bulk 
phase is known to have both the Fe2+ and Fe3+ states. The polyferrite phase has been 
speculated as a storage that supplies Fe3+ to the active phase of the catalyst [8,9]. Figure 2 
below, shows a model for the surface of the active catalyst and two deactivation paths. The 
first path, coke formation, is understood to block active sites, and the second path is for H2 
reduction, which changes the active state of the catalyst from Fe3+ to the Fe2+ leading to the 
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Figure 2. Model for catalyst during reaction conditions 
In a study conducted by Ertl et al. [9] they further described the formation of the 
active phase under in-situ and ex-situ conditions. In in-situ x-ray diffraction, K.Fe02 is 
formed from the interaction of Fe203 and K20 during reaction conditions at 600°C, also 
excess Fe3+ was observed at the catalyst surface [10,11]. Under inert ex-situ conditions the 
authors were able to synthesize the KFe02 phase using Fe203 and K2C03. When the 
synthesized K.Fe02 was put under dehydrogenation reaction conditions the same catalyst 
activity was obtained when compared to a conventionally synthesized K-Fe203 catalyst. The 
formation and deactivation of the K.Fe02 at reaction conditions has been thought to follow 
this reaction path [ 10, 11]: 
Unfortunately, the active phase is air sensitive and disappears when exposed to CO2 
and when there is insufficient steam to maintain its active state [7-9,10-13]. A completely 
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deactivated catalyst has both the surface and the bulk of the catalyst in Fe304 and KOH with 
excess Fe2+ [6-11]. This is shown by the reaction below [6-9]. 
3 KFe02 + 1/2 H2 + H20 ~ Fe304 + 3 KOH 
There is agreement amongst researchers that KFe02 is the active phase of the catalyst, 
but there has been less focus to understand stability of the active phase when the S/HC ratio 
is gradually reduced as reflected by the data in Figure 1. Goodman et al. [3] looked at kinetics 
for the dehydrogenation process using infrared studies at ultra vacuum conditions, with 
surface characterization for both the Fe203 and the K-Fe203. Also, they determined the effect 
of the K promoter at the catalyst surface. In separate experimental studies, Goodman et al. 
[20] measured the effect of the potassium (K) promoter in catalyzing gasification of the 
surface carbon. These experiments were done in an ultra high vacuum reactor connected to an 
Auger electron spectrometer, while changing the S/HC ratio. Hirano [ 1 O] and Ertl et al. [ 6] 
have conducted experiments where the active sites were characterized under reaction 
conditions by either stopping the flow of steam and/or HC. The KFe02 was exposed to 
dehydrogenation reaction [ 6,8-12,20] conditions to measure the effect of coking on the 
catalyst. Devoldere and Froment [ 18] developed a kinetic model to understand both the 
mechanism for the formation carbon and coke gasification with steam at the catalyst surface. 
Their experiments were for a typical K-Fe20 3 dehydrogenation catalyst. 
Goodman et al. [3] placed a typical industrial catalyst in an infrared spectroscopy 
reactor cell at ultra high vacuum. The catalyst was exposed to steam and EB at a low S/HC 
ratio of 3. From their observation the presence of the potassium (K) promoter affected the 
surface area, conversion and activity of the catalyst. The surface area of the catalyst before 
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reaction conditions increased at 10 wt % K then decreased at higher K loading. The 
dehydrogenation conversion of EB to ST was highest at 10 wt % K promotion followed by 
the smallest activation energies at 30 wt % K. Furthermore, they looked at the presence of 
surface carbon for both the unpromoted and the K-Fe20 3. During the reaction, considerable 
amount of carbon was formed at the catalyst surface for the unpromoted Fe203, which was 
gasified by steam into CO2. However, the presence of the K-promoter suppressed the amount 
of surface carbon formed. It was then concluded that the presence of the K-promoter affects 
the catalyst activity, activation energies and the amount of coke formed on the catalyst 
surface. 
In separate studies using a polycrystalline iron disk, Goodman et al. [20] exposed the 
catalyst to reaction conditions. Before reaction conditions the iron disk was oxidized to form 
Fe203 and further promoted with potassium by dosing the Fe20 3 substrate with metallic K. 
The experiments were conducted in an ultra high vacuum reactor connected to an Auger 
spectrometer (AES). A S/HC ratio of 5 was applied, although they did look at conditions 
when the S/HC was changed. The present study supports results obtained from the previous 
study [3] in that the, activation energies, and the catalyst activities were impacted by the 
presence of the K promoter in addition to decrease of surface carbon. Varying the S/HC ratio 
from 1 to 5, the effect of steam in maintaining the activity at Fe3+ and gasification of surface 
carbon was evaluated. The amount of carbon at the surface decreased with an increase in the 
S/HC. Optimum experimental conditions occurred at a S/HC molar ratio of 3. At this molar 
ratio, the amount of carbon present at the surface was at minimum and simultaneously the 
catalyst activity was at its maximum level. In conclusion, these studies [3,20], indicate that 
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the active sites for the unpromoted catalyst is Fe3+ and KFe02 for the K-promoted catalyst. 
Hence, the presence of the K stabilizes the catalyst active centers keeping the catalyst active 
while suppressing coking on the catalyst. 
In Hirano's study [10], where the HC feed was stopped during reaction conditions the 
catalyst was covered with approximately 0.011 wt% of carbon. However, other studies have 
shown that carbon levels below 0.3 wt% at the surface of the catalyst do not influence the 
activity of the catalyst adversely [10]. From X-ray diffraction patterns an increased amount of 
KFe02 was present when the HC feed was stopped for about two hours. When normal feed 
resumed, the catalyst activity was high. However, there was a gradual decrease of this activity 
over a period of 1.5 hours. After this period (1.5 hours) the number of available active sites 
had reached equilibrium. From additional experiments when the catalyst was exposed to 
steam and CO2 only, re-introduction of the normal feed showed decreased activity, which 
gradually restored with time. Since the carbon level was minimal, its effect on this study was 
determined not to be significant. In this case, the role of steam can be assumed to be 
maintenance of the oxidation state for the catalyst and increase of the KFe02 active sites. 
When compared to Figure 1 above, their experimental conditions at 11.8 S/HC ratio are in 
the linear portion of the plot. 
Ertl et al. [ 6] looked at experimental conditions when the steam feed was stopped for 
15 minutes with only the HC present. Following the steam stoppage, a decline of the catalyst 
activity was observed. Catalyst regeneration for 2 hours helped to regain the activity. After 
steam starvation the catalyst surface was covered with carbon deposits. Using X-ray 
photoelectron spectroscopy (XPS), the amount of iron and potassium was unchanged from 
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the starting material. The effect of steam was then to facilitate removal of carbon from the 
catalyst surface, and it had no impact on the iron and the potassium species present from XPS 
studies. From this study the final assumption was that steam does not re-oxidize the iron or 
increase the formation of the KFe02 phase. 
Devoldere and Froment [ 18] developed a model to understand both the mechanism of 
coke formation and coke gasification by steam for a dehydrogenation catalyst. The catalyst 
was first activated under reaction conditions at a S/HC ratio of 12 molar for 1 hour at 600°C. 
This active catalyst was then exposed to coking experiments by running at a S/HC ratio from 
1-3. The catalysts were covered with carbonaceous material during the low S/HC ratio 
operation. The carbon gasification mechanism was found to be proportional to the S/HC ratio 
and reaction temperature, with low S/HC ratio leading to an increased rate of coke formation. 
The presence of high H2 partial pressure was found to slow both coke formation and carbon 
gasification on the catalyst. In conclusion, kinetic models for coke formation and gasification 
for EB dehydrogenation were developed. These experiments were conducted at low S/HC 
ratio to favor coke formation, also they were under reducing conditions relative to Figure 1. 
Weiss et al. [7] did dehydrogenation experiments in the presence of steam and EB 
under ultra high vacuum conditions using a single crystal of an unpromoted iron oxide to 
evaluate catalytic behavior at these conditions. The catalytic activity of the iron oxide film 
(a-Fe203) was proportional to the available amount of surface defects. From the experiments, 
surface defects, which were assumed to be active sites for the unpromoted Fe20 3, increased 
conversion of EB to ST. When experimental reaction time reached 30 minutes, ST and H2 
formation did not rise, and the latter was associated with catalyst deactivation. Reactions 
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conducted on Fe304 films did not form any ST. Weiss et al. [21] speculated that Fe304 have 
fewer Lewis acidic Fe3+ sites and decreased number of basic oxygen/ OH groups, when 
compared to Fe20 3, which has excess of these sites and was active. It is generally accepted 
that Fe304 is inactive in both the unpromoted and K-promoted case [6-12, 20]. Weiss et al. 
[7] monitored deactivation of the active sites through coke formation, using the 
photoemission electron microscope (PEEM) measurements on both the Fe304 and a-Fe20 3 
films, from which a-Fe203 films had high coke coverage at the surface after reaction 
conditions. Coke formation was proportional to the activity of the catalyst. From low energy 
electron diffraction (LEED) analysis, the active catalyst was partially reduced to Fe30 4 when 
checked after reaction conditions. It is apparent from this study that the catalyst is deactivated 
both by coking and reduction, with a similar result for the K-promoted catalyst. 
Tomohiro et al. [22] placed a commercial dehydrogenation catalyst under reaction 
conditions that contained both a K-promoter (K2C03) and Cr-promoter (Cr20 3). In order to 
validate the active phase during reaction conditions, they first synthesized this phase at 750°C 
and 900°C calcination temperature with K2C03 and Fe20 3 materials. From XRD, calcinations 
at 750°C led to KFe02 formation with both K2Fe220 34 and KFe02 formed at 900°C. For the 
dehydrogenation experiments, the reaction feed was kept constant at a S/H2/EB molar ratio of 
8/8/1. The KFe02 was stable and the catalyst was active at high selectivity and conversion. 
Further, the K2Fe22034 decomposed to Fe304 and KFe02 at reaction conditions. However, at 
carbon dioxide partial pressures (Pc02) above 7 torr the catalyst activity, selectivity and 
conversion decreased accompanied with concomitant loss of KFe02. From separate studies, 
Hirano [10] and Ertl et al. [6] found CO2 to deactivate the catalyst. In summary, this study 
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does suggest that K.Fe02 is the active phase of the catalyst during reaction condition for the 
K-promoted catalyst and that the dehydrogenation reaction is enhanced by K.Fe02 basic 
centers. This study was done under conditions consistent with the linear portion of Figure 1. 
The performance of K-Fe20 3 catalysts can be further improved by promoting with 
additional metal oxides. For instance, Ca, Ce, Co, Cr, Mg, Mo, Ti, V, Wand more have been 
used as promoters. The metal oxide promoters have been known to impact catalyst stability 
and to improve activity and selectivity to ST. The improved catalysts have allowed the 
process to be carried out at lower S/HC ratio. Two examples of promoters with contrasting 
effects are chromium (Cr), which acts as a structural promoter and enhances catalyst stability, 
and, vanadium (V), which increases selectivity and adversely affects the catalyst stability [5]. 
The studies of Goodman et al. have indicated the importance of the presence of the K 
promoter in decreasing coking when the S/HC ratio is decreased. However, the relative 
importance of the effect of H2 in reducing the catalyst under low S/HC ratio operation has not 
been examined. Therefore, it is still not clear which mechanism, coking or reduction, controls 
catalyst deactivation. The studies of Hirano and Ertl et al. validated that K.Fe02 is the active 
phase of the catalyst. They also acknowledge the importance of steam for surface coke 
gasification. Unfortunately, they did not address the catalyst stability when the S/HC ratio is 
lowered. Hirano' s study was performed at conditions in the linear portion of Figure 1, such 
that the amount of carbon formed on the catalyst cannot easily be correlated to that formed at 
lower S/HC ratio. In Ertl's work, the S/HC ratio was reduced to zero, so that carbon covered 
the surface of the catalyst, which cannot be extrapolated to low S/HC ratio (7.5 molar) 
operating conditions. Both studies have suggested that H2 reduction and coking to be 
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important in catalyst deactivation. The kinetic model study for coke formation and 
gasification by Devoldere and Froment, describes the mechanisms for the latter processes at 
low S/HC ratio within a narrow range. Also, they do mention the effect of the presence of 
high H2 partial pressure on coking and gasification, but do not explain what controls catalyst 
deactivation at these low S/HC ratios. The studies by Weiss et al. confirm that magnetite is an 
inactive phase for the dehydrogenation catalyst, since no reaction occurred on it during 
experimental conditions. Furthermore, both coking and reduction contribute to iron oxide 
film deactivation, but the study does not identify which mechanism controls. Tomohiro et al. 
suggests KFe02 is the stable and active phase at high S/H2/EB ratio when Pc02 are below 
equilibrium. From this study nothing is mentioned as to which is the main deactivation 
pathway. Only the effect of Pc02 on decomposing the active phase was examined, but does 
not address the impact of coking and H2 during reaction condition at low S/EB ratio. From 
these studies it is still not clear whether coking or H2 reduction controls catalyst deactivation. 
To develop improved dehydrogenation catalysts it is important to elucidate the controlling 
mechanism for deactivation. 
1.4. Plan for current project 
In order to understand the mechanism controlling deactivation of the catalyst during 
operation at low S/HC ratio, the goal of the overall project is to decouple the coking and the 
reduction mechanisms. The current work focuses on characterizing the reductive properties 
of the iron oxide catalyst materials in the presence of commercial ST catalyst promoters. 
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The catalyst reductive properties will be determined using thermogravimetric analysis 
at low partial pressure of hydrogen (PH2) in the absence of a HC. Low PH2 was selected to 
better control the reduction process. Weight losses and reduction onset temperature obtained 
from the experiments will be compared against each set of catalyst preparations, Fe203, K-
Fe203 and in the presence of an additional metal oxide of V20 5 or Cr203. The comparison 
will indicate the effect of the promoter on the catalyst reducibility. The active phase KFe02 
will be synthesized from Fe203 and K2C03 and characterized using XRD. A solid-state 
model for the reduction process will be used to determine the relative reduction onset 





The materials used in the experiments were iron oxide (a-Fe20 3), chromium oxide 
(Cr203), vanadium pentoxide (V 205) and potassium carbonate (K2C03), which were provided 
by Shell Chemical Company. When the iron oxide was promoted at different levels the 
concentration is expressed as the weight % of the promoter cation per total sample weight. 
The catalyst systems for the single promoter were: (a) 91 wt.% Fe203, 9 wt.% K2C03 
(referred to as 5 % K-promoted); (b) 82 wt.% Fe203, 18 wt.% K2C03 (10 % K-promoted); (c) 
96 wt.% Fe203, 4 wt.% Cr203 (2.5 % Cr-promoted); (d) 93 wt.% Fe203, 7 wt.% Cr203 (5 % 
Cr-promoted) (e) 95.5 wt.% Fe203, 4.5 wt.% V20s (2.5 % V-promoted); (f) 91 wt.% Fe203, 9 
wt.% V20s (5 % V-promoted). 
The second set of experiments were those for the dual promoted iron oxide system, 
which was a K-Fe203 with either Cr or V addition and were as follows: (g) 78 wt.% Fe20 3, 
18 wt.% K2C03, 4wt.% Cr203 (10 % K-promoted & 2.5 % Cr-promoted); (h) (75 wt.% 
Fe203, 18 wt.% K2C03, 7wt.% Cr203 (10 % K-promoted & 5% Cr-promoted); (i) (78 wt.% 
Fe203, 18 wt.% K2C03, 4wt.% V20s (10 % K-promoted & 2.5 % V-promoted); (j) (73 wt.% 
Fe203, 18 wt.% K2C03, 9 wt.% V20s (10 % K-promoted & 5 % V-promoted). Other levels of 
compositions were prepared, but were not the main focus for the current project. 
The catalysts were first prepared by mixing in a mortar the Fe20 3 with promoters for 
each set of experiments. This was followed by calcination of Fe20 3 or the promoted Fe203 
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mixtures for 3.5 hours at 800°C. The samples were calcined in flowing air in a tube furnace. 
Following calcinations the powders were ground. 
Potassium ferrite (K.Fe02) was synthesized as follows: mix and grind in a mortar 
K2C03 and Fe203 {47 wt.% Fe203, 53 wt.% K2C03 (30 % K-promoted)} and then calcine 
either at 800, 900, or 950°C. The typical K.Fe02 characterization was for the sample calcined 
at 800°C. For the K.Fe02 synthesis most samples were calcined in flowing air in a tube. A few 
samples were calcined in-situ with the TGA using ultra-pure nitrogen to compare the 
temperature range for the formation of the K.Fe02 with other studies. The results obtained 
from the in-situ studies were in good agreement with the observed synthesis temperature at 
which K.Fe02 was formed [23-28]. The K.Fe02 was further promoted with single promoter V 
and Cr as follows: (k) 93 wt.% K.Fe02, 7 wt.% Cr20 3 (5 % Cr-promoted) and (1) 91 wt.% 
KFe02, 9 wt.% V20s (5 % V-promoted). The promoted K.Fe02 was prepared by mixing 
KFe02 that was prepared earlier, with either V or Cr by grinding in a mortar. Then, the Cr-
promoted K.Fe02 and V-promoted K.Fe02 were calcined at 800°C in flowing air in a tube 
furnace and ground in a mortar after calcination. 
2.2. Characterization 
Sample surface areas were measured using a Micromeritics ASAP 2000 BET 
apparatus, with krypton as the adsorbing gas. The X-ray diffraction (XRD) patterns were 
obtained with a SIEMENS D 500 x-ray diffractometer using monochromatized CuKa1,a2 
radiation set at 20. Surface morphology was evaluated using a Hitachi S-2460N variable 
pressure SEM, at 20 KV, - 0.5 nA beam current, and 25 mm working distance under a 40 Pa 
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(0.3 torr) Helium atmosphere. Prior to placing samples into the SEM they are coated with 20 
nm gold to improve imaging and conductance. For thermogravemetric analysis experiments, 
a Perkin Elmer TGA 7, model 1185256, integrated with a TAC 7 model 120340 was used. 
The sample gas was 0.8Vol % H2 in N2 pressure and was set at 25 psig and 30 ml/min flow 
rate; the N2 purge gas was at 35 psig with a flow rate of 40 ml/min. Gas flows were measured 
using rotameters. The overall hydrogen partial pressure was 0.014 atm at TGA conditions. 
2.3. Experimental Method 
Experiments were conducted using the TGA instrument at low hydrogen partial 
pressures. Weight losses were observed from a temperature range of 50°C to 900°C. The 
initial TGA experiments included un-promoted Fe203 catalyst system that had been calcined 
at 800°C and higher temperatures. TGA heating rates were first run at 10, 5 and then 
3°C/min. Calcination temperatures for unpromoted Fe20 3 above 800°C showed similar 
reductive properties, so 800°C was chosen as the standard calcination temperature. Also, the 
heating rate of 5°C/min allowed a sufficient period for surface hydroxyl loss below 450°C. At 
this heating rate the kinetics were limited by the reaction rather than dynamic transport. The 
use of larger sample weights (30 to 60 mg) slowed transport properties of product gases from 
the sample, such that weight losses were not resolved at 450°C. Johnson et al. [29] suggested 
that larger sample weights yielded slower rates of reaction due to poor thermal transfer in 
large samples when compared to small sample. Coats and Redfern [30] also related the effect 
of larger sample weights to poor distribution of temperature all over the sample especially 
samples with small thermal conductivity and the extent of diffusion of product gases. To 
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alleviate the problem, weights below 25 mg were used to improve resolution on the TGA 
curve. To eliminate diffusion limitation, the samples were crushed in a mortar to decrease the 
aggregate particle size. The samples were crushed immediately after calcination and then 
placed in vials in a dessicator. Most researchers who use thermogravimetric analysis for their 
studies have mentioned the importance of slow heating rates, smaller sample weights and fine 
aggregate particle. At these TGA conditions, better and more accurate results can be obtained 
[29-34]. 
Un-promoted Fe203 was first reduced under TGA reduction conditions. Then, TGA 
runs were performed with a single promoter and a dual promoter where iron oxide catalyst 
system was promoted with K2C03 (K), Cr203 (Cr) and V 205 (V) at different concentrations to 
understand the effect of the promoter during reduction. The promoter level was 2.5 % Cr or 
V and 5 % Cr or V for both the single and the dual promoted system. However, when 
promoting with K2C03, 5 and 10 % K-promotion levels were used. 
The KFe02 was synthesized, and then followed by addition of Cr or V by first mixing 
and grinding in the mortar as discussed before. The Cr-promoted KFe02 and the V-promoted 
KFe02 were then calcined in flowing air. The presence of KFe02 was evaluated at different 
K2C03 concentrations on Fe203. However, the potassium ferrite phase was more pronounced 
from 30wt% K-promotion on Fe20 3, which was validated using the XRD and was in good 
agreement with other researchers [23-28]. It was further promoted with y 5+ and Cr3+ and then 
reduced at TGA conditions. 
The discussion and results will mainly focus on the 5 wt% promotion for all system 
where either Cr or V was used as a promoter. The only exception will be in promotion with K 
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where a 10wt% level was used for the Fe20 3 system. When discussing a different promotion 




RESULTS AND DISCUSSION 
Research on reduction of iron oxide to iron metal has been studied extensively using 
H2 or CO [35-41]. The current work examined reduction of hematite (Fe203) to magnetite 
(Fe304) at a low partial pressure of H2. 
P.C Hayes et al. [37] discussed iron oxide reduction using a nucleation and growth 
model under isothermal conditions. Reduction of the hematite goes initially through an 
induction period when no reaction or weight loss is noticeable [37]. The duration of the 
induction period and rate of reduction depends on sample composition, presence of surface 
defects, temperature, gas flow-rates and the partial pressure of the reducing gas [35-41]. 
When the sample is exposed to a reducing environment, adsorbed water is first lost at low 
temperature[8]. Hayes et al. [37] suggests that the reducing gas reacts at the oxide surface 
causing loss of surface oxygen thus forming a new product phase. After oxygen loss, a porous 
phase is formed with the surface and the reducing gas advances to a local equilibrium. 
Secondly, the new product phase nucleates and grows escorted by a continuous oxygen 
removal at the gas/oxide interface. This study describes the reduction phenomenon of Fe203 
to Fe30 4 well. Experiments were undertaken at low partial pressures of CO/CO2 to avoid 
complete reduction to Fe metal. Edstrom [36] showed that structural changes obtained during 
reduction, are similar for either H2 or CO. 
Additional studies [42-53] have discussed the kinetics of hematite reduction with the 
help of the kinetic and transport steps summarized as: transport of the reducing gas from the 
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bulk phase through the boundary layer around the particle, diffusion of the reducing gas 
through the solid to the reacting interface, chemical reaction of the reducing gas at the 
reaction interface, diffusion of the resultant gas through the product and back to the boundary 
layer and then transport of the product gas from the outer surface back to the bulk phase. 
However, there has been disagreement about the limiting reaction for the reduction of 
the iron oxide between diffusion of the hydrogen through the solid versus reaction at the 
oxide/ metal interface [ 50,51]. Some authors have assumed both phenomena as the limiting 
reaction [ 48-53], while others have identified each to control under specific reaction 
conditions. For instance, Mc Kevan [39-42,52] and Quets et al. [43,53] have conducted 
experiments and developed models to validate the gas/metal oxide interface reaction as the 
limiting reaction. At increasing hydrogen partial pressure they were able to obtain kinetic 
parameters, with rate constants proportional to H2 partial pressure. This linear relationship 
enabled them to calculate apparent activation energies. A similar solid-state model was used 
in the current study. 
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3.2. Reduction of unpromoted iron oxide (Fe203) 
An iron oxide sample was placed under TGA conditions at low PH2 from which 
weight changes were measured at increasing temperature. The trends obtained from the TGA 
curves were evaluated relative to a number of studies in which chemical and physical 
properties were observed [30-32,35,63]. Figure 3 is a typical TGA curve for Fe203 under 
reducing conditions. Included in Figure 3 are thermogravimetric (TG) curve and the 
concomitant derivative thermogravimetric (DTG) curve. The TG curve indicates weight 
changes over the specified temperature range. The DTG curve helps to identify regions not 
clearly seen on the TG curve, and also indicates rates of weight loss [30-32]. Reductive 
conditions on the iron oxide resulted in three distinct weight losses as seen on the TG curve. 
At start of the experiments from 50°C to 120°C, decreased air buoyancy, increased 
convection, heat effects on the balance mechanisms and loss of adsorbed water, affect the 
trends of the TG curves [30-32]. These effects were observed first by a weight gain followed 
by weight loss. A baseline was run using an empty sample pan to remove this disturbance, 
but this correction did not remove the disturbance completely. Constant weight is observed 
on the curve from 120°C to 400°C, after which the second weight loss is initiated. This 
weight loss was associated with surface hydroxyl loss [8]. The DTG shows an increasing rate 
of weight loss after which a maximum rate was reached at 450°C. An inflection point on the 
TG curve (trough of the DTG curve) follows at the end of this weight loss period, which can 
be associated with the formation of a stable iron oxide phase [31-35]. Another plateau is 
reached after the inflection point of the second weight loss. No significant weight loss occurs 
on the TG curve at this point, and can be attributed to the start of the nucleation and growth 
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of the new product oxide phase, assuming the model by Hayes et al. [37] is valid. Following 
the start of nucleation and growth of the new product phase was a continuous rate of weight 
loss, which can be noticed on the DTG curve and the TG curve. This weight loss was 
associated with the loss of molecular oxygen (lattice oxygen, structural water or structural 
hydroxyl group) [8]. Hayes et al (37) associates the latter weight loss with surface oxygen 
loss under isothermal condition at 660°C. From both studies this weight loss is accompanied 
with structural changes from a-Fe203 to Fe304. At current TGA conditions this appears to be 
the onset of reduction at about 570°C to form Fe30 4. This onset was obtained by taking two 
tangent lines, first tangent line was taken from the second plateau of the TG curve, and the 
second tangent line corresponds to the region at about the second maximum rate of weight 
loss of the DTG curve on Figure 3 (general method recommended by Perkin Elmer 
Instrument). To further identify the phases formed at each transition temperature XRD and 
SEM were obtained and are discussed below. 
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Figure 6. XRD for Fe20 3 reduced to 900°C at TGA conditions-hematite, magnetite 
and wustite phases are present 
As can be seen from comparing Figures 4 and 5, only the hematite phase was present 
after calcinations and under TGA conditions up to 600°C. Based on Figure 5, it would appear 
that the weight losses up to 600°C are not reduction and therefore, are potentially surface 
hydroxyl loss. The XRD of the 900°C sample had mixed phases of hematite and magnetite, 
with small amounts of wustite (FeO). The presence of both a-Fe20 3 and Fe304 has been 
observed from a partially reduced oxide when using metallographic examinations [39]. SEM 
images of the calcined iron oxide (Figure 7), iron oxide reduced to 700°C in the TGA (Figure 
8), and to 900°C (Figure 9), show that no particle morphological changes were observed until 
high temperatures (greater than 700°C) were reached. 
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Figure 7. SEM image for Fe20 3 calcined at 800°C 
Figure 8. SEM image for Fe203 reduced to 700°C under TGA 
conditions 
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Figure 9. SEM image for Fe203 reduced to 900°C under TGA 
conditions- morphology changes significant 
The presence of hematite ( a-Fe203), magnetite (Fe304) and wustite (FeO) phases 
under reducing conditions has been observed by several authors and will be discussed next to 
relate them to the current study. Edstrom et al. [36] conducted experiments using pure H2 and 
CO. From the latter experiments they obtained a partially reduced iron oxide that had all 
three phases a-Fe203, Fe304 and FeO. Separate studies by Edstrom et al. [36] were 
mentioned in which they compared the sources for differences in reducibility to Fe metal, 
when either Fe304 or Fe203 was a starting material. These studies suggested that Fe304 was 
formed as an intermediate phase when F e20 3 was the starting material. This intermediate 
phase had larger pores and it reduced faster when compared to the dense Fe304 as a starting 
material. 
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Although the TGA conditions are at low Ptt2 there was FeO formed, which was 
assumed to be an unsteady phase formed at temperatures above 800°C. Several studies 
[36,39-41,43] indicated that reduction under Ptt2 was faster at higher temperatures and 
formation of FeO on Fe3Q4 was also proportional to temperature. However, it has been 
suggested that H2 reduction of FeO to Fe metal is the slowest when Fe20 3 is the starting 
material [36,44]. Although FeO is formed at the end of the TGA experiment, the rate of 
weight loss we observe is that of Fe203 to F304, and can be explained from the following 
assumptions: The slope of both the TG and DTG curve does not change after onset of 
reduction temperature is reached, that is the rate of weight loss continues to increase. If the 
slope had changed, that would have suggested that the reduction kinetics were controlled by 
reduction of FeO. Also, Fe metal was supposed to have formed if the reduction observed 
from TGA experiments was controlled by reduction of FeO. Therefore, reduction under 
TGA, at current conditions is controlled by this step Fe203 to Fe304. 
The TG and DTG curve suggest that the onset of reduction is at about 570°C, 
whereas, XRD at 600°C does not indicate the presence of Fe304. This can likely be attributed 
to the limitation of XRD to detect crystalline phases when they are at low concentration. 
Additionally, the initial reduction may form amorphous Fe30 4 that would not be observed by 
XRD. 
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3.3. Reduction of Fe203 promoted with Cr, V and K 
The TG and DTG curves in Figures 10 and 11 indicate the effect of the promoters on 
Fe20 3. The presence of the Cr promoter does not seem to change the onset of reduction for 
the iron oxide catalyst. In a study by Weller et al. [ 54] under reducing conditions, it is 
mentioned that chromic oxide (Cr20 3) is quite stable and is not easily reduced to chromous 
oxide CrO at Ptt2 = 1 atm. Under the current reducing conditions and low loadings, the Cr 
promoter does not impact the Fe20 3. Also, TGA runs on pure Cr203 showed no reduction at 
current experimental conditions. 
Incorporation of the vanadium promoter formed a vanadium-iron oxide phase 
(FeV04) as observed by XRD. Studies on Fe203-V205 system have shown that the presence 
of FeV04 is favorable at current calcinations temperature and promotion level [55-58]. This 
FeV04 had lower BET surface area than the starting Fe20 3 as shown in Table 1 (Appendix). 
In the presence of the V promoter, the second weight loss observed for the system was 
delayed and occurred at a higher temperature. The third weight loss, which is associated with 
the onset of reduction or phase change of the vanadium iron species, was observed at 725°C. 
For the K-promoted Fe20 3 the first large weight loss is associated to the loss of 
adsorbed water from surface, formed during exposure to air. The second weight loss in the 
K-promoted Fe20 3 occurs at about 450-550°C is associated with surface hydroxyl loss and 
decomposition of the potassium carbonate phase that may have formed. The K-promoter had 
an impact with an increase of the onset of reduction to about 700°C. 
XRD for the K-promoted and Cr-promoted Fe20 3 showed hematite as the dominant 
phase, but the V promoter showed presence of the FeV04 phase. The SEM images for 
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reduction temperatures below 700°C did not show significant particle morphology changes 
relative to SEM images of the unpromoted iron oxide. At 900°C, SEM images for the Cr-
promoted system (Figure 12), V-promoted system (Figure 13) and K-promoted system 
(Figure 14) showed some particle morphological changes when compared to conditions 
below 700°C. However, these morphology changes do not appear to significantly alter the 
accessible surface area indicating that differences in reduction properties do not seem to be 
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Figure 10. TG curves for the Fe203 promoted with K, Cr and V, 
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Figure 11. DTG curves for the Fe203 promoted with K, Cr and V, 
reduced at 5 °C/min, PH2 = 0.014 atm 
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Figure 12. SEM image for Fe20 3 promoted with Cr and 
reduced to 900°C at 5°C/min, PH2 = 0.014 atm 
Figure 13. SEM image for Fe203 promoted with V and 
reduced to 900°C at 5°C/min, PH2 = 0.014 atm 
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Figure 14. SEM image for Fe203 promoted with Kand 
reduced to 900°C at 5°C/min, Ptt2 = 0.014 atm 
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3.4. Reduction of K-Fe203 in the presence of either Cr or V promoter 
The dual promoted Fe20 3 was put under reducing conditions to understand the impact 
of an additional promoter on potassium promoted iron oxide (K-Fe203) system. Reduction 
results for these systems are shown in Figure 15 and 16. TG and DTG curves for the Cr-
promoted K-Fe20 3 indicate an initial weight loss at about 450°C associated with surface 
hydroxyl loss. The weight loss associated with the onset of reduction occurs at about 620°C. 
In comparison to the Cr single promoted Fe203, the presence of the K with Cr on the Fe203 
had a positive impact on the reduction onset. 
It is possible the presence of both the Kand Cr on the Fe203 may be forming a phase, 
which could impact the reducibility of the system. However, characterization of the system 
using XRD showed only the Fe20 3 phase even after calcinations. Also, the SEM images did 
not show any significant particle morphological changes. 
The presence of the Von the K-Fe203 as shown in Figures 15 and 16 led to an onset 
of reduction temperature, which was lower than that of the V single promoted Fe203. The 
presence of both the V and K may also be forming a phase, which was not detected from 
XRD. The only phase that was observed from XRD was that of the iron vanadium oxide 
(FeV04) phase. 
The presence of either V or Cr in the K-Fe20 3 had an impact when compared to the 
unpromoted Fe20 3, since both promoters gave reduction onset above 570°C. Ertl et al. [8] 
also observed the impact of the V promoter in stabilizing Fe203 and decreasing the loss of 
molecular oxygen relative to an un-promoted Fe203. It was then speculated that the promoter 
decreased the chemical reactivity of the Fe3+ ions [6-9]. It should be noted that the addition 
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of either the Cr or the V promoter to the K-Fe203 system decreased the reduction stability as 
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Figure 15. TO curves for the K-Fe20 3 reduced at 5°C/min, 
















-+- Fe203 w/ V & K (1) 
(1) 
- Fe203 w/ Cr & K (2) 
-Fe203w/K (3) 
0 100 200 300 400 500 600 700 800 900 
Temperature, C 
Figure 16. DTG curves for the K-Fe20 3 reduced at 5°C/min, 
PH2 = 0.014 atm 
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3.5. Reduction of K.Fe02 in the presence of either Cr or V promoter 
In a number of studies at dehydrogenation reaction conditions, potassium ferrite 
(KFe02) has been accepted as the active phase for K-promoted Fe203 catalyst [3,6-14]. This 
phase can be formed when Fe20 3 and K2C03 are mixed and calcined ex-situ or in-situ. In the 
current study KFe02 phase was synthesized and its presence characterized using XRD as 
shown in Figure 1 7. This phase decomposes when left in air for more than about 4 hours, 
which was noticed by a color change from an olive green to a reddish powder. Stobbe et al. 
[14,59] suggests the decomposition of the KFe02 in air is associated with reaction of carbon 
dioxide and moisture to form carbonates like K2C03.3/2H20 and KHC03, and with iron 
oxide to form a-FeOOH. Stobbe et al. [14,59] maintains that the decomposition of this phase 
does not make it more easily reducible, since the interaction between the K promoter and the 
iron oxide is maintained even when the phase has decomposed. Ertl et al. [8,9] suggested that 
the KFe02 is an open structure, which reacts with moisture by forming hydrated iron oxide 
and KOH when exposed in air. 
After calcination of the K-Fe203 (10% K loading) in air, there were scattered olive 
green color particles on the Fe203, which can now be associated with the KFe02. However, 
no KFe02 was detected by XRD for this sample. This supports the early speculation that a 
phase is formed that stabilizes the K-Fe203, to reduction onset when compared to the 
unpromoted Fe203 system. However, the onset of reduction for the low loading K-Fe20 3 was 
lower when compared to the KFe02 with a reduction onset temperature of about 770°C. XRD 
studies showed that KFe02 was the dominant phase before and after TGA reduction 
conditions. Stobbe et al. [14,59], using temperature-programmed reduction studies, found 
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this phase was more resistant to reduction. It only reduced at a temperature 150°C higher 
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Figure 17. XRD for mixture ofF203 with K2C03 (30 wt% K-promoted), 
calcined (cld) at 800°C -KFe02 phase only 
The TG curve (Figure 18) and DTG curve (Figure 19) show the weight changes for 
the unpromoted KFe02 and also with Cr and V promoters. After promotion with Cr or V, 
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only the KFe02 phase was still observed from XRD. The onset of reduction was highest for 
KFe02 and the presence of either promoter decreased the onset of reduction. The weight loss 
at about 450°C for the Cr-promoted KFe02 can be associated with the loss of surface 
hydroxyl groups, decomposition of a hydrated potassium-chromium phase and or potassium 
carbonate phase. Villert et al. [60] suggested that in the presence of excess K in a mixture 
with Cr203, potassium chromate forms for samples calcined in air. From the IR spectra they 
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Figure 18. TG curves ofKFe02 promoted with Cr or V, 
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Figure 19. DTG curves ofKFe02 promoted with Cr or V, 
reduced at 5°C/min, Pm= 0.014 atm 
The unpromoted and CrN promoted KFe02 were further characterized using the 
SEM imaging to evaluate particle morphology changes before and after reduction. The 
KFe02 SEM image shown in Figure 20 was taken after calcination and it suggested different 
particle morphology when compared to the K-Fe20 3 represented on Figure 7. The image for 
the KFe02 is compacted and has discrete pores, but the particle morphology of K-F20 3 is 
loose with shapes that seem elongated. Figure 21 shows KFe02 reduced under TOA 
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conditions to 900°C, which indicated particle morphology with cracks at the surface. 
However, cracks are not observed on the morphology of K-Fe203 (Figurel4). 
Figure 20. SEM image of KFe02 calcined at 800°C 
Figure 21. SEM image ofKFe02 reduced to 900°C 
at 5°C/min, PH2 = 0.014 atm 
44 
The presence of cracks on the surface may have occurred due to loss of structural 
water. This weight loss observed at 770°C on the TG curve (Figure 18) was associated with 
the onset of reduction of K.Fe02 to Fe30 4• Dollimore et al. [32] mentioned that rapid weight 
changes might occur as a result of mechanical losses from part of the sample due to vigorous 
expulsion of gases entrapped within larger aggregate particle at high temperatures. 
The presence of the Cr promoter did not show significant morphology changes before 
reduction, but V promotion appeared to have decreased porosity. The SEM images for the 
Cr-promoted and V-promoted K.Fe02 after reduction at 900°C are shown in Figure 22 (Cr-
promoted K.Fe02) and Figure 23 (V-promoted K.Fe02). There were no cracks on the surface 
when compared with the unpromoted K.Fe02 (Figure 21 ), and the V-promoted K.Fe02 
(Figure 23) has decreased number of pores. The presence of the Cr and V promoters 
impacted the reducibility of K.Fe02. However, the presence of additional phases was not 
observed possibly because the Cr and V loadings were too low for XRD detection. 
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Figure 22. SEM image of Cr-promoted KFe02 reduced 
to 900°C at 5°C/min, Ptt2 = 0.014 atm 
Figure 23. SEM image ofV-promoted KFe02 reduced 
to 900°C at 5°C/min, Ptt2 = 0.014 atm 
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3.6. Development of the kinetic model 
The development of a kinetic reduction model was based on the assumption that the 
reaction was controlled at the gas /oxide interface. Kinetic studies by a number of authors 
have used this model in reduction studies [39-42,43,53] at low partial pressures of H2• Also, 
this reduction model was assumed such that surface reaction controls reduction of Fe20 3 to 
Fe304. 
There are several kinetic models that have been applied to solid-state reaction and 
decomposition of materials under TGA conditions. These include a difference-differential 
method, integral method and differential method [30,34,61]. The development of these 
models is discussed below in relation to the reduction conditions observed for the TGA 
experiments from the current project. 
Two methods were initially considered for this project; (1) the integral method in 
which kinetic data can be obtained from plots of weight loss versus temperature and (2) the 
differential method from which apparent activation energies (Ea) can be determined from the 
rates of weight loss [30,34,61-63]. A number of studies [30,62] were undertaken in which 
various solid-state models were applied and the differential and integral methods showed 
good agreement and satisfactory fit of kinetic data. The integral kinetic model has been 
considered to be more accurate and has errors of less than 8 % at different reaction order in 
solid-state reaction [34]. The differential method can be used generally in any type of 
reaction mechanisms under non- isothermal conditions [29,61]. Therefore the latter models 
have been recommended for use in analyzing themogravimetric kinetic data at non-
isothermal conditions. Additionally, Sestak, [34] did an in-depth study to evaluate 
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experimental and analytical errors of kinetic data when using thermogravimetric 
mathematical models [ 61]. The apparent activation energy data calculated from the models 
had errors in the range of 5 to 10%, which validated the accuracy of these thermogravimetric 
mathematical models. The apparent activation energy data was obtained from the best linear 
fit of the differential method plot. The integral method developed by Coats and Redfern [30] 
plotted kinetic data from which activation energies were obtained for specific reaction orders. 
The Ea can be calculated and is related to the slowest step, which limits the reaction. For 
example, mass transfer of gases to or from the solid or chemical reaction between molecules 
may limit the overall reaction. The reaction order was considered a mathematical factor that 
can be derived for a specific geometry and selected kinetic equations under solid-state 
reaction [30,62,64,65]. Reaction orders for solid-state models which can be derived for 
specific geometry and some kinetic equations include n = 0, 1/2, 2/3 and 1. Achar et al. 
define these reaction order: ( a) n = 0, is valid for reactions that are controlled by surface 
adsorption, (b) n = 1/2, is valid for reaction system that progress by movement of an 
interface in two dimension ( c) n = 2/3, reaction controlled by movement of the interface in 
three dimension ( d) n = 1, for reaction controlled by random nucleation. 
In developing the model for the current project, non-linear plots were obtained using 
the integral method such that determination of Ea was not justified. This method was rejected 
for current analysis. The kinetic plots from the differential model were linear and as such the 
current analysis was based on this model. 
The SEM particle morphology was assumed to resemble either a cylindrical or a 
spherical shape. Therefore, to mimic experimental conditions reaction order of n = 1/2 and 
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2/3 were chosen for surface controlled reduction reaction. These reaction orders have been 
applied in reactions, which are controlled by the movement of the interface and reaction 
order kinetics respectively [62,65]. Wentworth and Sharp [61] used the differential method at 
non-isothermal conditions to analyze thermogravimetric data. They recommended that this 
method may be applied to most reaction mechanisms. For current TGA conditions a surface 
controlled reaction was influenced by the P82 [39-40,43,52,53] thus the model included 
explicit P82 term to determine kinetic data. 
Development of the reduction model using the differential method [ 61] is as follows: 
The reduction model: da/dt = k (P82/PT) f (a) (i) 




k is the rate constant, 
T is the temperature, 
(iii) 
To is the initial temperature at the start 
of the TGA experiment, 
PT is the total pressure at 1 atm, 
a is the fraction reacted, 
p is the heating rate, 
Ea is the activation energy, 
A is the pre-exponential factor, 
then the differential form becomes: 
ln[(da/dT)*l/ {f(a)*PH2/PT}] = ln (A/P)- Ea/RT (iv) 
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with f(a) = ( 1-at (v) 
The function f( a) is defined for reaction order kinetic equations with reaction orders 
n = 1/2 and 2/3 for a specific geometry [30,61-65], where n = 1/2 is defined for a 
cylinder where the reaction occurs from the edge towards the center and n = 2/3 for a 
sphere where the reaction occurs from the surface towards the center. 
A plot ofln[(da/dT)*l/ {f(a)*PH2/PT}] versus 1/T yields Ea 
The data from these types of plots showed linear fits for most of the current Fe203 
system. The only exception was that of the K-promoted Fe203 with an additional Cr 
promoter, which had a poor linear fit. A sample plot of the kinetic data is shown in Figure 24. 
The r2 was about 0.96, which indicates a good linear fit correlation for the data. Activation 
energies were obtained from slopes of fitted lines. The slopes were multiplied by a factor of 
2.3 when the log10 (Y) was plotted versus 1/T, and Y represents the term enclosed in 
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Figure 24. Sample plot for kinetic data from TGA reduction 
conditions for F e203 using the differential method 
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3. 7. Analysis of results 
The apparent activation energies reported from iron oxide reduction studies under H2 
partial pressure have agreed on an Ea of about 15 kcal/mol [39-43]. However, most of these 
studies examined the reduction of hematite to iron metal, so the current model results cannot 
be compared to any available studies on H2 reduction of iron oxide with or without 
promoters. The values of the apparent activation energies (Ea) for reduction are shown in 
Figure 25. The Ea for unpromoted Fe20 3 had an average of 18 kcal/mol for n = 1/2 and 21 
kcal/mol for n = 2/3 on this study. The Cr promoted Fe20 3 did not change the value of Ea 
significantly, which only had an average of 16 kcal/mol for n = 1/2 and 19 kcal/mol for n = 
2/3. It was mentioned before that presence of the Cr- promoter does not impact Fe20 3 
reduction properties. Also, from the TG and DTG curves, the rates of reduction for both the 
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Figure 25. Apparent activation energies from kinetic model data 
using the differential method 
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The presence of the V promoter and the K promoter with the Fe203 showed an 
increased Ea, The average Ea for the V-single promoted Fe203 was 26 kcal/mol (n = 1/2), 32 
kcal/mol (n = 2/3) and K-single promoted Fe20 3 had 33 kcal/mol (n=l/2) and 38 kcal/mol (n 
= 2/3). The high values of Ea can be attributed to the formation of an iron vanadium oxide 
phase or an iron potassium oxide phase that decreases access to sites easily reduced on the 
unpromoted Fe203. For all of the above Fe203 system (Figure 25) the average Ea was always 
higher for then= 2/3 in comparison to then= 1/2. 
The increase of the Ea, seems to correspond to that of the onset of reduction in Figure 
26. The V and K single promoted Fe20 3 system had reduction onset at about 720°C and 
690°C respectively. The KFe02 indicated a delay on the onset of reduction to 770°C, which 















Figure 26. Onsets of reduction obtained from the tangents of the 
TG and the DTG curves 
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While a delay in the onset of reduction was observed, once reduction initiated 
reduction rates were high as observed from the slopes in the TG and DTG curves. The 
surface areas on Figure 27 suggest that some promoters had an impact on the Fe20 3 system, 
but the Cr single promoted F e20 3 BET surface area did not change when compared to the 
unpromoted Fe203. The increase of the surface area at 10 wt% Kon Figure 27 followed by a 
subsequent decrease of surface area with increasing K loading was also obtained for the 
current study. Goodman et al. [3] noticed changes of surface area for the K-promoted Fe20 3 
against the unpromoted Fe203. This K-promoted iron oxide catalyst system had increased 
activity at 10wt% K under dehydrogenation conditions [3]. The KFe02 catalyst system gave 
small BET surface area, high onset temperature and had average Ea of 47 kcal/mol (n = 1/2) 
and 51 kcal/mol (n = 2/3). The rates of reaction for the KFe02 are slowest before onset of 
reduction and very high after reduction initiation when considering the TG and DTG curves. 
In the case of the Cr and V promoted KFe02 the rates increase gradually after the onset. 
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The TGA method was useful to characterize the reductive properties of K-Fe203 
catalyst system at low PH2 under non-isothermal conditions. From the TG and the DTG 
curves, initial weight losses were observed that appear to be associated with the loss of the 
surface hydroxyl groups from the iron oxide. Also, the presence of the metal oxides that have 
been used as ST catalyst promoters clearly impacts the reductive properties of iron oxide, but 
the Cr promoter does not change reductive properties for the single promoted Fe20 3 system. 
Additionally, the largest change in the apparent activation energy and onset temperatures for 
the single promoters was observed with the K suggesting that the K promoter had strongest 
effect on reduction properties. When promoting the Fe20 3 with a V promoter, under certain 
conditions, FeV04, which stabilized the reduction behavior and resulted in lower surface 
areas was formed. 
The addition of the Cr or V on the K-promoted Fe20 3 decreased the reduction 
stability. However, when comparing the initial reduction behavior, these results do not appear 
to correlate with morphological changes observed from the SEM. The unpromoted KFe02 was 
more resistant to reduction, which was observed from its highest apparent activation energy 
and delayed onset temperature. In summary, single promotion with K enhances reduction 
properties and subsequent Cr or V addition is deleterious. As a single promoter V is more 
effective in decreasing reduction than is Cr, whereas their addition to KFe02 yields similar 
reduction performance. The use of XRD and SEM in characterizing the dehydrogenation 
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catalyst system has been useful to identify phases and particle morphology changes, but 
limitation to identify phases hinder conclusive results on the TGA studies. 
4.2. Recommendations for Future Research 
Characterization of the Fe20 3 system has been achieved with the use of the TGA at 
low Ptt2. A promoter effect was observed for some of the promoters like K and V, but not the 
Cr on the single promoted catalyst. In the case of the dual promoted system of Cr/K/Fe203 or 
V/K/Fe203, the promoters enhanced reductive properties in comparison to unpromoted 
Fe203. Promoter effects were also evaluated on KFe02. Now the way forward will be to 
subject this system in presence of steam at changing steam ratio under TGA isothermal 
conditions. This will be split in two parts. The first part will be conducted at steam-to-
hydrogen molar (S/H2) ratio from high to smallest ratio using the TGA. The study discussed 
in the thesis would be representative of conditions at S/H2 molar ratio at zero. The catalyst 
after reaction condition will be characterized using the SEM and XRD. 
The next set of experiments will be conducted by feeding both S/HC to the TGA. The 
TGA will be run isothermally while the S/HC is varied from 12 molar ratios to zero molar 
ratio. Weight changes will be monitored during the reaction conditions. Also, the catalyst 
will be subjected to other characterization methods. Studies by Goodman et al. [3,20] where 
the S/HC ratio was put through a K-promoted catalyst will be compared to the proposed 
study. 
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